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Abstract
Resilience of critical transport infrastructure to extreme weather events, such as heavy rainfall, drought or icing, is one of the 
most demanding challenges for both government and society. Extreme weather is a phenomenon that causes threats to the well-
functioning of the infrastructure. The impacts of various levels of extreme weather on the infrastructure varies throughout 
Europe. These impacts are witnessed through changes in seasons and extreme temperatures, humidity, extreme or prolonged 
precipitation or drought, extreme wind, and thunderstorms. The extreme weather events may result in disasters such as flooding, 
drought, ice formation or wild fires. These present a range of challenges to the operational resilience of critical transport 
infrastructure.
The economic and societal relevance of the dependency and resilience of critical transport infrastructure is obvious: infrastructure 
malfunctions and outages can have far reaching consequences and impacts on economy and society. The cost of developing and 
maintaining critical transport infrastructure is high if they are expected to have a realistic functional and economic life 
(i.e. 50+ years). Hence, future extreme weather events have to be taken into account when considering protection measures, 
mitigation measures and adaption measures to reflect actual and predicted instances of critical transport infrastructure failures.
The INTACT project, which is co-financed by the European Commission, addresses these challenges and brings together 
innovative and cutting edge knowledge and experience in Europe. It develops and demonstrates best practices in engineering, 
materials, construction, planning and designing protective measures as well as crisis response and recovery capabilities. All this 
will culminate in a decision support system that facilitates cross-disciplinary and cross-border data sharing and provides for 
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a forum for evidence-based policy formulation.This paper provides some first results of the project and an outlook to the final 
result, the ‘INTACT Wiki’, a decision support system for the resilience of critical infrastructure to extreme weather events.
© 2016The Authors. Published by Elsevier B.V..
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM).
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1. Introduction
Resilience of Critical Infrastructure (CI) to Extreme Weather Events (EWE), such as heavy rainfall, drought or 
icing, is one of the most demanding challenges for both government and society. Extreme Weather (EW) is a 
phenomenon that causes severe threats to the well-functioning of CI. The effects of various levels of EW on CI will
vary throughout Europe. These effects are witnessed through changes in seasons and extreme temperatures (high 
and low), humidity (high and low), extreme or prolonged precipitation (for example rain, fog, snow, and ice) or 
prolonged lack thereof (drought), extreme wind or lack of wind, and thunderstorms. The increased frequency and 
intensity of EWEs can cause hazard events such as flooding, drought, ice formation and wild fires which present a 
range of complex challenges to the operational resilience of CI. The economic and societal relevance of the 
dependability and resilience of CI is obvious: infrastructure malfunctioning and outages can have far reaching 
consequences and impacts on economy and society. The cost of developing and maintaining CI is high if they are 
expected to have a realistic functional and economic life (50+ years). Hence, future EWE has to be taken into 
account when considering protection measures, mitigation measures and adaption measures to reflect actual and 
predicted instances of CI failures.
The INTACT project addresses these challenges and brings together innovative and cutting-edge knowledge and 
experience in Europe in order to develop and demonstrate best practices in engineering, materials, construction, 
planning and designing protective measures as well as crisis response and recovery capabilities. All this will 
culminate in the INTACT Reference Guide, the decision support system that facilitates cross-disciplinary and cross-
border data sharing and provides for a forum for evidence-based policy formulation.
The objectives of the INTACT project are to: 
x Assess regionally differentiated risk throughout Europe associated with extreme weather;
x Identify and classify, on a Europe-wide basis, CI and to assess the resilience of such CI to the impact of EWE;
x Raise awareness of decision-makers and CI operators about the challenges (current and future) EW conditions 
may pose to their CI; and,
x Indicate a set of potential measures and technologies to consider and implement, be it for planning, designing and 
protecting CI or for effectively preparing for crisis response and recovery.
x Develop a decision support system to share the knowledge and information with different stakeholders 
throughout Europe
In this paper we provide some first results of the project and an outlook to the final results, the ‘INTACT Wiki’, 
a decision support system for the resilience of critical transport infrastructure to extreme weather events.
Nomenclature
CI Critical Infrastructure
EWE Extreme Weather Event
EWI Extreme Weather Indicator
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Extreme weather events and their measurement
Detecting and attributing observed trends in extreme events and single extreme events to human causes is 
difficult, particularly at the regional scale. Nonetheless, the changes to our climate over the last 50 years are 
undeniably influencing the weather. There is a growing recognition that climate change has led to large scale and 
irreversible changes in the global climate. These changes have exacerbated the incidence and severity of weather 
extremes. Forecasting indicates that the foremost consequence of climate change and global warming is a greater 
frequency and severity of extreme weather events with potentially catastrophic effects for organizations, industries, 
and society (Linnenluecke and Griffiths 2010). 
Extreme weather events occur when an individual climate variable, such as temperature or rainfall, exceeds a 
particular threshold and deviates significantly from mean climate conditions or when there is a critical combination 
of different variables, as in the case of hurricanes, cyclones, or droughts. Critical levels that have to be exceeded for 
a weather event to be classified as extreme, are often locally dependent (Schneider et al., 2001). Notwithstanding 
this, changes in extreme events are related to changes in the mean and/or variance of climate variables in 
complicated ways. Although there is a degree of ambiguity relating to the effects of climate change in terms of the 
scope and timing of impacts, it is suggested that the intensity and incidence of various weathers extremes such as 
heat waves, droughts and floods are the result of human influences on climate change (Trenberth et al., 2007). 
Extreme weather is a relatively broad concept that is studied from a multiple disciplinary perspective; as such 
there is no uniform agreement around a single definition (Beniston and Stephenson, 2004). Extreme weather events 
have been referred to as ecological discontinuities (Winn and Kirchgeorg, 2005a & 2005b), surprises (King, 1995), 
catastrophes (Changnon and Changnon, 1998), or disasters (Healey, 2006), depending on the field of research. 
Moreover, terminology such as, ‘severe’ and ‘extreme’ are often used interchangeably within the confines of 
weather categorisation - something which only serves to add to the ambiguity. The wide-ranging nature of EWE has 
led to a proliferation of definitions appropriate for different applications at different times and places.
In an attempt to alleviate some of the ambiguity pertaining to extreme weather events Stephenson (2008) devised 
a series of definitions for severe events, rare events, high impact events and extreme events. The definitions of 
extreme events’ depict the climatological perspective whereby weather conditions that exceed a particular threshold 
(temperature <0) or reside in the tails of the climatological distribution for a location (temperature >90th percentile) 
to be extreme.
By definition the term ‘extreme’ implies a departure from what would be construed as the ‘norm’. In weather 
terms this infers climatic events which are notable, rare, unique, profound, or otherwise significant in terms of 
impacts, effects or outcomes. Looking at the IPCC Working Group definition, an extreme weather event is ‘an event 
that is rare at a particular place and time of year’ (IPCC, 2007). This leads to the conclusion that weather that has 
significant ‘extreme’ impacts is usually climatologically rare. By contrast a more societal perspective on extreme 
weather events are characterised in terms of the severity and intensity of hazardous weather-related events that 
culminate in (high impact) significant damage or disastrous outcomes (McBean, 2004). The intrinsic nature of 
defining extreme weather therefore must embrace both these approaches as they often overlap and are interrelated 
physical-societal multi-scale interactive phenomena (Sura, 2011).
The expected occurrence of more frequent and/or extreme weather events means that significant disruptive and 
large-scale events could repeat in shorter periods of time and potentially undermine the link between industrial and 
natural systems, and interruptions of vital infrastructure such as road structures and electricity systems (Wilbanks et 
al., 2007). Schneider et al (2001) developed a framework for understanding the indicators which serve to 
contextualise/characterise extreme weather events. This is utilised in the INTACT project to shape and define the 
extreme weather indicators (Table 1). 
The key issue with EWE’s is, how they are going to be considered in relation to severity (high), frequency and 
probability (low) and impact (high) and the associated thresholds. The INTACT project has produced a taxonomy 
for this. In schematic terms, the taxonomy can be observed in figure 1 below. This takes account of the key criteria 
and characteristics of how INTACT formulates and defines extreme weather and how this will help the development 
of key EW indicators and where this fits in with CI resilience.
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Fig. 1. Extreme weather event taxonomy.
INTACT aims at using appropriate EW Indicators (EWI) characterizing the relevant critical factors for different 
infrastructure, analysing present trends and future climate projections for the 21st century. The Experts of 
CCl/CLIVAR/JCOMM Team on Climate Change Detection and Indices (ETCCDI) have provided a core set of 27 
extreme indices for temperature and precipitation, to assess changes in extreme climate events. The ETCCDI indices 
for temperature and precipitation has been extended to other variables (wind, snow, humidity, etc.) within the 
ECA&D project (http://eca.knmi.nl/indicesextremes/index.php). 
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                                   Table 1. Indicators characterizing EWE’s.
Variable Description
Spatial extent (scale) Size of the affected area
Magnitude (intensity) The strength of the disturbing force (eg temperature, wind speed)
Magnitude (severity) The effects of the extreme event on ecological or social region
Frequency The number of disturbances per spatio-temporal area
Predictability The variance in the mean time between disturbances
Timing (duration) The duration of the event
Timing (rate of onset) Rate at which the event occurs (gradual to sudden
Source: Adapted from Schneider et al (2001)
The indices highlight various characteristics of extremes, including frequency, amplitude and persistence and are 
widely used to assess future changes. Some indices involve calculation of the number of days in a year/season 
exceeding specific thresholds. On the one hand, percentile thresholds are specific of the sites, since they are 
expressions of anomalies relative to the local climate. 
To build the final EWI dictionary to be used in the framework of the INTACT project, we have considered 
several sources. Although, most of the indices are included in the extended list defined within the ECA&D project, 
we have also considered some indicators used by the Weather Meteorological Services to establish weather alerts 
and warnings, and other combined indicators. As an example, table 2 shows EWE indicators based on wind. These 
types of indicators will be used to fill the decision support system with extreme weather events and their impact on 
critical infrastructure.
                                                    Table 2. Example of indicators based on wind.
Wind description Units
Monthly average of daily mean wind speed m/s
Yearly maximum of daily mean wind speed m/s
Number of days with wind speed  > 5 m/s Days
Number of days with wind speed  > 10 m/s Days
Number of days with wind speed  > 15 m/s Days
Number of days with wind speed  > 20 m/s Days
Number of days with wind speed  > 25 m/s Days
Source: Bucchignani & Gutierrez (2015)
3. Critical infrastructure
The definition of Critical Infrastructure (CI) has been a challenge in recent years and the subject of numerous 
definitions. The definitions begin to introduce the complexity of understanding the various components of what is 
CI and develop the themes of criticality and interdependency. Depending on the location and the nature of the 
infrastructure it has been difficult to define them in terms of criticality.
The definitions of CI permits practical definitional elements of the CI to be assessed in an operational capacity 
for the INTACT project as follows:
x CI can be viewed as a collective of several attributes: physical resources, services, information, technology 
facilities, networks and infrastructure assets (physical or virtual);
x The change of state. If CI are disrupted or destroyed, they must become so from having been in a steady state 
condition, or from operating at ‘normal’ operating capacity;
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x The nature and scale of an event which causes the change of state – the level of disruption (minor to major) 
through to destruction (localised to widespread);
x The impact of an event – on people, or infrastructure objectives;
x The potential geographical area that could be affected;
x The time a CI may be affected due to the occurrence of an event;
x The interdependencies which may exist between CI or elements of CI.
Critical transport infrastructure can be thought to consist of motorways, truck roads and local roads, railway-
related tracks, signalling systems, bridges, tunnels, level crossings, viaducts and key stations, and commercial ports
and airports. Transport infrastructure is essential for economic development at all levels of income by supporting 
both personal well-being and economic growth. In addition, a functioning transport infrastructure is a requirement 
for many societally significant services, such as postal, shipping and emergency services. 
In general, transport can be vulnerable to many different types of weather conditions. They relate to extreme 
events such as storms, extreme precipitations, extreme temperatures, which on their turn may result in severe 
consequences for the physical environment (e.g. floods, landslides, avalanches, etc.) and represent risks for transport 
infrastructure and operations. In particular, increased frequency and intensity of extreme rainfall events may cause 
significant flood damage to road, rail, bridge, airport, port and especially tunnel infrastructure. This situation could 
occur due to rapidly changing water levels in the rivers or insufficient drainage capacity, causing damages and 
requiring more frequent maintenance, repairs and rebuilding. Rail, bridges, airports and ports are susceptible to 
extreme wind events; ports and coastal infrastructure are particularly sensitive to more frequent and permanent 
flooding when storm surges combine with sea level rise. 
Transport infrastructure could be affected by a multitude of changes in the future climate, including hotter 
summer conditions, extreme precipitation events, increased storminess and sea level rise. This could accentuate
infrastructure deterioration processes, risks of infrastructure failure and collapse, traffic disruption and, in the most 
severe cases, fatalities. Weather-induced traffic disruptions can also result in important consequences in supply 
chains, affecting the whole economy. Failure in one mode shifts traffic onto other parts and can lead to congestions. 
Road transport is an especially vulnerable mode of transport. Traffic volumes are highest on roads and the 
capacity is typically most limited in densely populated areas. Even a single, relatively insignificant crash can quickly 
jam an urban motorway. Road traffic is the least controllable and manageable mode of transport, being mostly 
a slowly self-adaptive, geographically widespread and scattered system, whereas air control or railway traffic 
management centres can quickly decide on and execute adaptive and corrective measures (VTT 2011). Furthermore, 
road vehicles are designed to be driven within a limited range of weather conditions, and unlike some other forms of 
transport, they are not designed for use in extreme weather conditions. 
Snowfall has a negative impact on driving conditions as it reduces road surface friction and visibility. Salting 
stops being effective below -5 °C, and if this is combined with a snowfall too intense for effective snow removal, 
accident rates in traffic tend to soar. A three-year study in Sweden revealed that 50% of all road traffic accidents 
during winter occurred in association with slippery road conditions. Rainfall or sleet falling on a frozen road surface 
forms the highest accident risk in southern Sweden, and the second highest risk comes from simultaneous snowfall 
and frost formation. Increasing public awareness is an important way to combat the increase in accidents, as these 
conditions tend to lead to chaos in traffic even with full maintenance activity (VTT 2011). 
According to a European Commission report, “Impacts of Climate Change on Transport”, the need to limit 
deterioration effects from adverse weather conditions (e.g. prolonged precipitation, freeze-thaw cycle) and damage 
consequences in case of extreme events (e.g. embankment failure) is a key factor influencing construction designs. 
For ports, communication and division of responsibilities is a general challenge during emergency response. Clear 
guidelines for each party’s roles are often lacking in emergency situations (Caspersen and Hovi 2014).
4. Vulnerability and resilience of European critical infrastructure
Critical Infrastructure (CI) provide fundamental functions to sustain the society (such as transnational connecting 
networks) and a breakdown of a CI could lead to significant economic losses and high number of human deaths. 
Moreover, a CI may rely on resources provided by other infrastructure. For these reasons, the protection of CI from 
disasters is an important priority task for all countries. It is of great importance for regional and local institutions to 
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be aware of present and future climate extremes related risks with regard to the development of adaptation strategies 
(Hokstad et al, 2012).
The design of many infrastructure, for example those related to transportation, water and energy, require the 
availability of climatic data related to extreme events: for example, high precipitation might affect the resilience of 
roads and bridges. The main aim, in fact, is to avoid damages to structures due to extreme events during the whole
lifetime of the infrastructure, and in the same time to limit the costs for the realization of them. For the design of 
infrastructure, engineers account for climate extremes that occur only infrequently and are not expected to recur 
each year. For example, design rainfalls for sewage systems are derived estimating long period return values of 
maximum amount of rainfall within 1, 2, 6, 12 and 24 hours (Zhang and Zwiers, 2013), making use of powerful 
statistical tools based on extreme value theory, to aid the analysis of historical series (Coles, 2001): such tools have 
been developed to infer extreme values that might occur beyond the range of the observed sample, such as the 
estimation of the 100-year return value on the basis of a 50-year series of historical values.
Impact of extreme events is being investigated in the frame of EUPORIAS (EUPORIAS, 2014) and VALUE
(VALUE, 2013) projects. EUPORIAS (European Provision Of Regional Impacts Assessments on Seasonal and 
Decadal Timescales) aims to develop reliable predictions of the impacts of future climatic conditions on a number of 
key sectors (water, energy, health, transport, agriculture and tourism), on timescales from seasons to years. VALUE 
(Validating and Integrating Downscaling Methods for Climate Change Research) aims to provide a European 
network to validate and develop downscaling methods and improve the collaboration between the research 
communities and with stakeholders. It systematically compares the different downscaling approaches and assesses
temporal variability from sub-daily to decadal time scales including climate change, extreme events, spatial 
coherence and variability, and inter-variable consistency together with the related uncertainties.
The characterization of EW is performed according with thresholds critical for infrastructure. Absolute thresholds 
are suitable in order to monitor extreme events that affect human society and the natural environment, while 
percentile thresholds are specific of the sites, since they are expressions of anomalies relative to the local climate. 
Moreover, specific threshold values related to stakeholder’s and user’s needs are considered.
The severity of climate impacts on infrastructure will vary across Europe according to specific locations and their 
geophysical risk exposure, the existing adaptive capacity and resilience, and the level of economic development. 
Evaluation of potential effects of climate change on infrastructure is still very limited and further research and 
development will be required to support decision-making. Experiences over the past periods have shown how 
vulnerable infrastructure can be to the types of EWE that are projected to be more intense and more frequent with 
future climate change. Evaluation of vulnerability of infrastructure requires the analysis of several climatic elements 
and their impact on the resilience.
The consequences of climate change will be different, depending on the kinds of infrastructure:
x The consequences for transport infrastructure such as rail, roads, shipping and aviation will differ from region to 
region. In particular, the projected increase in the frequency and intensity of EWE such as heavy rain, snowfall, 
extreme heat and cold, drought and reduced visibility can increase negative impacts on transport infrastructure,
causing damages and economic losses, transport disruptions and delays (European Commission, 2013).
x Climate changes will have effects on energy transmission, distribution, generation and demand. In fact, the 
generation of electrical energy is affected by efficiency reduction due to climate change (e.g. decreasing 
availability of cooling water for electricity generators). However, in some parts Europe, increased precipitation or 
more wind may also lead to better opportunities for hydropower or wind energy generation. Furthermore, 
extreme weather periods, such as heat waves or cold spells, will cause higher energy demand peaks, causing 
overstress of energy infrastructure (European Commission, 2013).
x Buildings and infrastructure can be vulnerable because of their design (e.g. low resistance to storms) or location 
(e.g. in flood-prone areas, landslides, avalanches). Many European cities have been built along a river, and these 
rivers will respond to extreme rainfall or snowmelt events with extreme discharges, threatening the cities with 
floods (European Commission, 2013).
Implications of climate change for infrastructure can be examined by assessing historical data with extreme 
weather events and by simulating future conditions, including both individual events and either a series of extreme 
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events in a short time period or the combination of an extreme weather event with another type of threat at the same 
time (Wilbanks and Kates, 2010).
Future vulnerability assessments are related to time frames that match the design or remain in service life of 
existing infrastructure of the service life for new infrastructure. Generally, data necessary for the vulnerability 
assessments are available and scenarios of climate change are possible for almost all climate indicators. However, 
the quality or usefulness of the data (both observed and predicted) varies greatly, as well as their level of confidence. 
Indeed, the data from the models must be validated by the scientific community. As research continues and 
additional validation work is done, more products become available, although this depends largely on the needs 
expressed by end-users and the importance given to produce this information. One of the main problems linked to 
data availability arises from a lack of observed data, namely for events that are very localized in time and space 
which, by nature, are rare.
5. A decision support system
The INTACT project aims at bring together different types of knowledge and information. The ‘INTACT Wiki’ 
serves as a vehicle to make the knowledge and information produced/developed in the INTACT project available to 
the stakeholders in Europe that are in a position to use this information and to assure a sufficient level of resilience 
for the CI in Europe in the light of changing weather hazards. The INTACT Wiki aims to:
x Provide easy access to the information, knowledge and tools generated in the project relevant to the stakeholders;
x Provide references to additional information, resources and help;
x Provide a consistent framework of terms and concepts for the debate on CIP in the context of changing climate;
x Foster knowledge and awareness about CIP in the context of changing climate;
x Provide a means to extend the use of the gathered knowledge beyond the end of the project.
The intended audience of the INTACT Wiki encompasses:
x Executive management of CI operators, including:
o Institutions responsible for operating CI
o Institutions responsible for planning, building or maintaining CI
o (CI) policy makers (levels EU, national and regional)
x Civil servants charged with CIP, including:
o Institutions responsible for, or involved in CI reliability and resilience
o Institutions responsible for CI development
Using the Wikipedia format, the INTACT Wikis will contain a large amount of interconnected pages. As in 
Wikipedia, not all information is relevant for all user groups. This is why we will develop ‘pilot pages’, providing 
directions to the most relevant pieces of information, while retaining the possibility to gain a wider understanding by 
diverting as much as desired. This structure is graphically illustrated in figure 2.
The INTACT Wiki will contain information that will support users in:
x Identification of local effects of climate change;
x Identification of vulnerability of infrastructure to changing weather;
x Doing a weather-related risk assessment;
x Identification of possible mitigatory measures and best practices;
x Gaining sufficient background knowledge of climate, weather, risk and critical infrastructure to understand and 
apply the information and methods in the INTACT Wiki;
x Getting information on the ins and outs of the application of the method for five case studies.
Figure 3 provides some screenshots of the INTACT Wiki in development. Screens are shown explaining climate 
change, the models used in climate prediction, mitigation and the INTACT project structure and results.
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Fig. 2. Related types of information in the INTACT Wiki.
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6. Concluding remarks
This paper addressed the development of a decision support system for the resilience of critical infrastructure to 
extreme weather events. It presents work in progress, the project will be finished in 2017. The reader is invited to 
visit www.intact-project.eu , to find more details on the project and to download the list of deliverables.
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